-Sleep in healthy children fostered the memory recognition of face pictures -In children with ADHD+ODD the face recognition was not improved after sleep -Pupillometry is an appropriate measurement of sleep-dependent memory consolidation -Sleep had no impact on emotional picture ratings 3 Abstract: Children with attention-deficit/ hyperactivity disorder (ADHD) display deficits in sleep-dependent memory consolidation, and being comorbid with oppositional defiant disorder (ODD), results in deficits in face processing. The aim of the present study was to investigate the role of sleep in recognizing faces in children with ADHD+ODD. Sixteen healthy children and 16 children diagnosed with ADHD+ODD participated in a sleep and a wake condition. During encoding (sleep condition at 8 p.m.; wake condition at 8 a.m.) pictures of faces were rated according to their emotional content; the retrieval session (12h after encoding session) contained a recognition task including pupillometry. Pupillometry and behavioral data revealed that healthy children benefited from sleep compared to wake with respect to face picture recognition; in contrast recognition performance in patients with ADHD+ODD was not improved after sleep compared to wake. It is discussed whether in patients with ADHD+ODD social stimuli are preferentially consolidated during daytime.
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Introduction
Recognizing individuals and their emotional state by their face is essential for appropriate social interaction (Adolphs & Birmingham, 2011; Gobbini & Haxby, 2007) . Humans are inherently social, and the ability to detect faces or to recognize face identity can already be seen in newborn infants (Hoehl & Peykarjou, 2012; Simion & Giorgio, 2015; Wilmer et al., 2010) . However, children's ability to recognize faces is also clearly influenced by learning and experience (da Silva Ferreira, Crippa, & de Lima Osorio, 2014; Goodman et al., 2007; Macchi Cassia, Luo, Pisacane, Li, & Lee, 2014; Proietti, Macchi Cassia, dell'Amore, Conte, & Bricolo, 2015) . On the other hand, deficits in identifying faces can lead to serious social consequences as seen in prosopagnosia. (Susilo & Duchaine, 2013; Yardley, McDermott, Pisarski, Duchaine, & Nakayama, 2008) . Also, several childhood and adult psychiatric disorders are accompanied by deficits in recognizing facial identities or emotional expressions which may amplify aberrant social behavior (Bortolon, Capdevielle, & Raffard, 2015; Collin, Bindra, Raju, Gillberg, & Minnis, 2013; Ventura, Wood, Jimenez, & Hellemann, 2013) . With a prevalence of 5.7%, disruptive behavior disorders are one of the most prevalent psychiatric diseases in childhood and adolescence (Polanczyk, Salum, Sugaya, Caye, & Rohde, 2015) and are characterized by profound deficits in socio-emotional development (American Psychiatric Association, 2013) . Disruptive behavior disorders include oppositional defiant disorder (ODD) or conduct disorder (CD) which are highly comorbid with attention-deficit/hyperactivity disorder (ADHD) (Waschbusch, 2002) .
Particularly, childhood ADHD in combination with ODD is a high risk factor for later antisocial behavior often resulting in young adult delinquency. Patients with disruptive behavior disorder display defiant performance when it comes to recognizing faces and their emotional states (Aspan, Bozsik, Gadoros, & Nagy, 2014; Cadesky, Mota, & Schachar, 2000; Downs & Smith, 2004) and show altered brain activity in emotion-related brain regions (amygdala, prefrontal cortex) while processing social stimuli such as faces (Jones, Laurens, Herba, Barker, & Viding, 2009; Lozier, Cardinale, VanMeter, & Marsh, 2014; Marsh et al., 2008; White et al., 2012) .
Sleep supports the consolidation of various memory systems: post-learning sleep benefits the integration of newly encoded, fragile memory information into more stable, long-term memory traces (Diekelmann & Born, 2010; Rasch & Born, 2013; Wilhelm, Prehn-Kristensen, & Born, 2012) .
Recently, we observed that children with ADHD display altered sleep-dependent memory consolidation; i.e. sleep in children with ADHD benefits procedural memory more than in healthy children (Prehn-Kristensen et al., 2011) , and sleep in ADHD supports declarative memory less than in healthy children (Prehn-Kristensen et al., 2011; Prehn-Kristensen et al., 2014; Prehn-Kristensen et al., 2013) . We assumed that in ADHD the sleep-dependent consolidation of declarative memory is disturbed due to dysfunctional prefrontal brain activity during sleep (Wilhelm et al., 2012) . There is a whole body of evidence that sleep supports the memory for emotional events (Wagner, Gais, & Born, 2001; Wagner, Hallschmid, Rasch, & Born, 2006) or scenes (Hu, Stylos-Allan, & Walker, 2006; Payne, Stickgold, Swanberg, & Kensinger, 2008; Prehn-Kristensen et al., 2009 ). The question of whether or not sleep modulates the affective tone of learned emotional stimuli, however, is still under debate: Some authors emphasize that the affective tone of learned emotional stimuli is attenuated after sleep (Walker & van der Helm, 2009 ), while others have not found support for the hypothesis that sleep tunes down the affective tone of consolidated stimulus material (Baran, Pace-Schott, Ericson, & Spencer, 2012; Deliens, Neu, & Peigneux, 2013; Groch, Wilhelm, Diekelmann, & Born, 2013; Wiesner et al., 2015) .
Studies in healthy adults have reported that sleep also benefits the memory recognition of social stimuli such as pictures of faces with neutral or emotional expressions (Mograss, Guillem, & Godbout, 2008; Mograss, Godbout, & Guillem, 2006; Wagner, Hallschmid, Verleger, & Born, 2003; Wagner, Kashyap, Diekelmann, & Born, 2007) . A recent study of young patients with autism spectrum disorder (ASD) reported that sleep in ASD patients amplified altered recognition of neutral faces (Tessier, Lambert, Scherzer, Jemel, & Godbout, 2015) . Autism is characterized by profound difficulties in communication and social interactions (American Psychiatric Association, 2013) and is associated with deficits in face processing (Harms, Martin, & Wallace, 2010; Nomi & Uddin, 2015) . To date, no information -neither in healthy nor in diseased children -is available about whether or not sleep modulates the affective tone of learned social stimuli such as faces.
The aim of the present study is to investigate the influence of sleep on the picture recognition of emotional faces and their affective regulation in children with ADHD and comorbid ODD (ADDH+ODD) in comparison to healthy children. Based on our previous studies, we hypothesize that healthy children benefit more from sleep with respect to the recognition of faces compared to children with ADHD+ODD. Besides behavioral responses, we use pupillometry as an objective measurement to assess recognition performance on a psychophysiological level (Goldinger, He, & Papesh, 2009; Laeng, Sirois, & Gredeback, 2012; Papesh, Goldinger, & Hout, 2012) . Since emotional face expression might influences the sleep-related face recognition performance, different emotional conditions (happiness, fear, anger, and neutral) are introduced on an explorative level. The question of whether or not sleep regulates affective tone is still under debate. Therefore, we do not have any specific hypothesis about the impact of sleep on the emotional assessment of consolidated pictures.
Methods

Participants
Sixteen male children diagnosed with ADHD and ODD aged between 8-11 years (M=11.4, SD=1.5) and 16 healthy male children aged between 9-11 years (M=11.1, SD=1.1) participated in this study.
Patients and controls did not differ in age, pubertal stage, or IQ (see Table 1 ). All children and their parents were interviewed using a German translation of the Revised Schedule for Affective Disorders and Schizophrenia for School-Age Children: Present and Lifetime Version (Kiddie-SADS-PL; Delmo et al., 2000; Kaufman et al., 1997) . A standardized questionnaire, the Child Behavior Checklist (CBCL; Achenbach, 1991) , was filled out by parents to assess any psychiatric symptoms of their children.
According to the DSM-IV-TR, all patients met the criteria for ADHD (13x combined type, 3x inattentive type) and comorbid oppositional defiant disorder (ODD). In addition, one patient suffered from nocturnal enuresis. Controls were excluded if they displayed any psychiatric abnormalities.
Exclusion criteria for all participants were: below average intelligence quotient (IQ < 85), as measured by the Culture Fair Intelligence Test 20-Revised Version (CFT 20-R; Weiß & Osterland, 2013) All participating children and their parents gave written, informed consent and were reimbursed with a voucher for their participation. The study was approved by the ethics committee of the medical faculty of the University of Kiel and followed the ethical standards of the Helsinki Declaration.
Procedure
Each participant took part in a sleep and a wake condition. The sleep condition consisted of an encoding phase in combination with a baseline measurement in the evening at 8 p.m. and a retrieval session in the morning after a 12-h interval which included nocturnal sleep. In the wake condition, the encoding session and baseline measurement were conducted in the morning at 8 a.m.; the retrieval session took place after a 12-h wake interval. The order of conditions (each being conducted at least two weeks apart) was counterbalanced across both groups. All experimental sessions were carried out under laboratory conditions: Children were seated in a comfortable EEG chair; the distance between the children's eyes and the monitor was constantly kept at 60cm; and the room illumination was the same for all participants.
At the beginning of each session, participants rated their current emotional state using the Self-Assessment Manikin (SAM; Bradley & Lang, 1994) scales for valence and arousal and their tiredness using a 10-cm analog scale (0 = very tired; 10 = very alert). In addition, the current alertness was measured by a computer-based alertness test (KITAP subtest "Alertness"). In the evening sessions, participants were asked to report on whether or not they slept during the daytime or intake of any medication. Lundqvist, Flykt, & Öhman, 1998) , and Productive Aging Laboratory Face Database (Minear & Park, 2004) . Prior to the experiment, a preselection of 180 pictures of females and 177 pictures of males were presented to a group of 12 healthy children (aged 9-12 yrs., 7 girls) and 12 healthy adults (aged 25-48 yrs., 6 women) in order to be able to remove pictures which depicted ambiguous emotional face expression. 160 female and 160 male pictures were finally selected and divided into two sets of 160 pictures each (50% female pictures) with comparable emotional intensity ratings. continuously. By using eye-tracking (for methods see below) we ensured that all participants fixated the middle of the screen in order to pay attention for the next visual stimulus. After fixation of the cross for 0.5s, a face picture was presented for 2.5s. Faces pictures were centered in the middle of the screen, and participants were asked to evaluate the emotional state of the face. Hereafter, the emotional face expression had to be rated on the three visual analogue scales "anger", "fear" and, "happiness" (ranging from "not at all" to "maximal") using a computer mouse (no time limit). Then, the same target picture was presented again for another 2.5s, and the participants were to answer a control question of whether the picture depicts a women or a man (no time limit) by pressing one of two response buttons. On average, encoding took 25min. After a short break, a baseline control measurement was conducted: 20 targets (5 of every emotional class) along with 20 foils were presented in pseudo-randomized order. Here too each trial started with a white fixation cross, and, after 0.5 seconds of continuous fixation (controlled by eye-tracking), a target or foil picture was presented without a time limit and did not disappear until the participant´s response was detected.
Children were asked to rate whether or not the currently displayed picture was an "old" (target) or a "new" (foil) picture by pressing one of two computer mouse buttons (duration ca. 3min).
During retrieval, the remaining 60 targets were presented intermixed with 60 foils. Here, two different measurements were obtained. In a first block of trials, the 120 pictures were presented for the purpose of recognition, which was similar to the baseline recognition task (see above) with respect to the procedure. In a second block, the same 120 pictures were presented again in order to assess the emotional face expression: After 0.5s of fixation, a face picture was presented for 2.5s, and the facial expression was to be rated on the three scales "anger", "fear", and "happiness" (see above). Duration of the retrieval session was 30min.
Eye-tracking and pupillometry Binocular eye movements and pupil diameter were measured by a Tobii eye-tracker TX300 (Tobii Technology, Sweden). Cameras using the dark-pupil technique were affixed under the experimental computer screen. The sampling rate was 300 Hz. During encoding, eye-tracking was analyzed online by the software Tobii studio 2.3.2.0 in order to ensure that participants aligned their visual focus on the fixation crosses (see above). In the retrieval session, pupil diameter was recorded during the whole recognition task but analyzed only within the time window from -500ms before to 2500ms after face picture onset. Offline analysis was performed by in-house software programmed in Matlab R2013a (MathWorks U.S.A.). Pupil data were cut into segments ranging from -500ms before to 2500ms after picture onset, each representing one event-related epoch. A first visual inspection of the segments revealed frequent eye blinks 1500ms after onset which resulted in missing data. The segments were therefore re-cut to -500ms to 1500ms. The preprocessing was carried out for each segment individually and visually controlled. Missing data (due to eye blinks) were lineally interpolated; however, segments that were significantly affected by artifacts were discarded.
Furthermore, the raw data were smoothed using a two-way floating average filter (averaging ± 8 data points ranging ± 26.7ms) and then baseline-corrected using the time window of -100-0ms as a baseline. Afterwards, each segment was visually inspected again and, if still corrupted by artifacts (e.g. eye blinks), discarded. Artefact rejection was done conservatively and lead to a drop-out rate of about 24%. The artifact-free and baseline-corrected data in the range 0-1500ms were averaged over consecutive sections of 75ms resulting in 20 bins. Finally, the preprocessed segments of each participant and each event class (old/new by emotion) were averaged over the left and right eye and entered into the statistical analysis.
Sleep recordings
Sleep was assessed under laboratory conditions. All participants spent two nights in the sleep laboratory. The first night (including polysomnography, PSG) was used for adaptation to the conditions of the sleep laboratory; the experimental condition took place in the second night.
Adaptation and experimental nights were separated at least by one night sleeping at home in order to avoid any recovery-carryover effects from the adaptation to the experimental night. 
Statistical analyses
Recognition performance was calculated by the accuracy rate, which is defined as the differences between the standardized hit rate (percent of targets correctly identified as targets) and the standardized false-alarm rate (percent of foils incorrectly identified as targets) according to the signal detection theory (Verde, MacMillan, & Rotello, 2006) . In order to control for any baseline effects, data obtained during baseline measurements were analyzed by a 2x2x4 ANOVA, using the between subject factor GROUP (ADHD vs. controls) and the two within subject factors SLEEP (sleep vs. wake condition) and EMOTION (angry vs. fearful vs. happy vs. neutral faces). Baseline-corrected memory performance was calculated by the difference between the baseline recognition accuracy and the retrieval recognition accuracy as an index of forgetting. This recognition index was analyzed employing a 2x2x4 ANOVA, again using the between subject factor GROUP and the two within subject factors SLEEP and EMOTION.
For statistical analysis, pupil data were first depicted separately for target and foil pictures (see also Figure 3 ). In both the sleep and wake condition, robust brightness adaptations were observed through the entire picture presentation interval of 1.5s. In both groups, however, at bin 6 (375ms after picture onset) targets and foils started to evoke different pupil diameters. Based on these data, pupil diameters were averaged post-hoc over the bins 6-20 (0.375-1.5s after picture onset) for each condition and emotion. The analysis of the averaged pupil diameters was performed by a 2x2x4 ANOVA using the between factor GROUP and the two within factors SLEEP and EMOTION.
In order to compare the single means in sleep parameters with respect to groups, t-tests were used. A detailed description of the analyses of picture ratings can be found in the electronic supplemental materials S1 and S2. The analyses of the control variables "mood", "tiredness", and "alertness" are described in detail in S3.
Results
Picture recognition data
Analyses of baseline performance revealed main effects for EMOTION [F(3,90) These significant group differences in baseline recognition performance clearly indicate group differences already at the stage of encoding. Therefore, controlling retrieval data with respect to baseline performance is required.
Regarding uncorrected retrieval data there were main effects for SLEEP [F(1,30) Table 2 ). However, a decomposition of the latter interaction revealed that patients still displayed comparable retrieval performance in the sleep 
Picture rating data and control variables
Children with and without ADHD+ODD did not differ regarding any polysomnographic data (see Table   3 ). The analyses regarding gender ratings during encoding showed that patients performed less accurately than controls. The same was true for basic affective ratings during retrieval session.
However, there was no evidence of a sleep had an impact on the observed group differences (for further details see electronic supplemental material S1a/b). Regarding intensity ratings during encoding and retrieval, emotional faces were rated according to their a priori defined emotional classes (angry faces as being angry; happy faces as being happy and so on), but there were no significant differences in intensity ratings, neither with respect to sleep condition nor with respect to group. Further details are presented in S2 and Figure S1 . In addition, no significant effects regarding the factor GROUP were found with respect to alertness, tiredness ratings, and emotional self-ratings (see electronic supplemental material S3).
Discussion
In this study we investigated the impact of sleep on the consolidation of pictures of emotional faces in children diagnosed with ADHD+ODD and healthy controls. As expected, sleep benefits the recognition performance in healthy children but not in children with ADHD+ODD. Pupil diameter measurement during the retrieval session as a psychophysiological marker of picture recognition confirmed a sleep-associated improvement in memory performance in healthy children but not in young patients with ADHD+ODD. There were no signs of sleep-related emotion regulation in children with or without ADHD+ODD. Before going into a detailed discussion on group level, we start discussing the results in a more general way.
When combined over children with and without ADHD+ODD, there was an overall effect of sleep on the recognition performance, particularly in the angry face condition. Independent of the emotional condition, the expected interaction between sleep/wake retention interval and groups was marginally significant. The explorative interaction between groups, emotional condition, and sleep/wake retention interval, however, failed to reach significance. Since we had no hypotheses regarding the different emotional conditions, we refrained from further analysis of recognition data with respect to their emotional content. Of note, however, is the fact that the results rely on the use of baseline-corrected retrieval data. Utilization of a baseline correction was mandatory since groups already differ significantly during the immediate retrieval session in the wake condition. Alertness, tiredness, mood, or simple effects of initial gaze direction (controlled by eye-tracking) cannot explain different levels of face encoding. Measurement of pupil data clearly showed that target pictures evoked stronger pupil dilatations than foils in both groups during the retrieval session. These data are in line with former studies that reported that the human pupil diameter is sensitive to the recognition of familiar stimulus material (Goldinger et al., 2009; Laeng et al., 2012; Papesh et al., 2012) . Again, there were no indications in the pupil data that the emotional condition had any influence on the differences between groups with respect to the sleep-dependent pupil recognition measurement.
As indicated by planned comparisons of single means, only healthy children benefit from sleep with respect to the recognition of emotional faces. In the same way, the processing of (familiar) target pictures during retrieval clearly evoked stronger pupil dilatation in healthy children than did (unfamiliar) foils only in the sleep but not in the wake condition. These data confirmed that healthy children benefit more from sleep than wakefulness with regards to the memory consolidation of faces, as has been observed previously in adults (Mograss et al., 2008; Mograss et al., 2006; Wagner et al., 2003; Wagner et al., 2007) .
In contrast to healthy children, patients with ADHD+ODD did not show better overall performance after sleep compared to wakefulness. In accordance with the behavioral data, children with ADHD+ODD did not display stronger pupil dilatation in response to target pictures compared to foils in the sleep condition. Interestingly, patients displayed a higher pupil recognition response in the wake than in the sleep condition, suggesting a wake-dependent benefit in face recognition. In fact, on a descriptive level the behavioral data suggest that patients compared to healthy controls did not display worse performance in the sleep-condition but a proportionally better performance in the wake condition. These signs of a reversed sleep/wake benefit of picture recognition in children with ADHD+ODD cannot be ascribed solely to daytime effects of encoding or retrieval: neither the alertness task nor subjective ratings (mood, tiredness) revealed that children with or without ADHD+ODD were differentially affected by daytime. Moreover, daytime had no influence on control variables regarding the memory task itself (i.e. identifying the subject's gender and rating the emotional face expression during encoding and retrieval); furthermore solely subjective but not objective sleep parameters did in fact differ between both groups (Cortese, Faraone, Konofal, & Lecendreux, 2009; J. Owens et al., 2009) . Therefore, the behavioral data along with the pupil data lead to the assumption that wakefulness supported the memory of socially relevant stimuli in ADHD+ODD as least to a comparable amount as sleep did. In our former studies we observed that children with ADHD compared to healthy controls displayed worse recognition performance, especially in the sleep condition, indicating a deficit in sleep-dependent consolidation of declarative memory (Prehn-Kristensen et al., 2011; Prehn-Kristensen et al., 2014; Prehn-Kristensen et al., 2013) .
The data of the present study, however, paint a more complex picture. In contrast to the former studies, where almost no social stimuli were used, exclusively social stimuli were presented in the present study. Although patients with ADHD+ODD display alterations in processing social signals (Aspan et al., 2014; Cadesky et al., 2000; Downs & Smith, 2004; Jones et al., 2009; Lozier et al., 2014; Marsh et al., 2008; White et al., 2012) , social stimuli such as faces might still be highly relevant for these patients: ADHD patients initiate social interactions more frequently than control children (Nijmeijer et al., 2008) but often have difficulties in attuning their behavior to other people (Ronk, whether or not a) a pronounced focus on social stimuli such as faces increased the probability for better long-term memory performance in patients with ADHD+ODD during daytime, but b) that this memory advantage diminishes due to deficits in sleep-dependent memory consolidation. On the other hand, we cannot exclude that certain emotional face categories might benefit from sleep while other categories counteracted in children with ADHD+ODD. However, due to the lack of significance these assumptions are elusive and need to be investigated in further studies. Therefore, speculations about any underlying neural mechanism of a disturbed long-term consolidation of social stimuli are premature at this time.
We did not find any signs of sleep-associated changes in the emotional picture intensity ratings. In line with others (Baran et al., 2012; Deliens et al., 2013; Groch et al., 2013; Wiesner et al., 2015) , we had to conclude that neither in healthy children nor in children with ADHD+ODD does sleep play an important role in emotional regulation on a behavioral level. Since we have no information about pupil diameter during encoding, we can only compare the pupil reaction of target and foil pictures at the retrieval sessions. Therefore, we have no information about possible changes in pupil diameter in response to repeated picture presentations after the retention interval, meaning that we cannot exclude possible sleep-dependent regulatory processes on a pre-conscious level.
As the interpretation of the picture recognition results mostly relies on a marginally significant interaction, our results need replication. Therefore, further studies should also take into account that presenting pictures of adults to children might have a different impact than pictures of peers (Macchi Cassia et al., 2014; Proietti et al., 2015) . In addition, nonsocial stimuli should be used to control for any social reactions since faces per se can act as emotional stimuli (Ohman, Lundqvist, & Esteves, 2001; Schrammel, Pannasch, Graupner, Mojzisch, & Velichkovsky, 2009; Senju & Johnson, 2009 ). Moreover, a balanced number of trials across the immediately and delayed recognition measurement should be considered. Finally, the inclusion of psychophysiological parameters during encoding are required [e.g. measuring of brain functions during encoding, see also (Sterpenich et al., recognition performance after sleep on an objective level.
Taken together, we observed that sleep in healthy children supported the recognition of socially relevant stimuli such as faces. Pupillometry was successfully employed as an objective measurement of recognition in the field of sleep-dependent memory consolidation in healthy children. As revealed by behavioral data and pupillometry, sleep in children with ADHD+ODD had no additional benefit to the picture recognition of adult faces. 
